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B
iology-based remediation technologies (bioremediation) for the treatment of groundwater and soils polluted with organic compounds have been receiving high interest due to their low cost, high efficiency, and relative operational simplicity (1) . Rhizoremediation is one such effective bioremediation approach, where the transformation of contaminants to innocuous products may be enhanced by plant-microbe interactions occurring in the rhizosphere (2) (3) (4) . The plants provide the rhizospheric microbial community with root exudates such as carbohydrates, amino acids/amines, and organic acids (5) and thus promote the microbes' establishment and proliferation. Rhizoremediation is particularly effective in constructed wetlands. These treatment systems have been applied for the removal of even high loads of contaminants present in inflow waters (6) (7) (8) . In addition to the input of labile organic carbon, the helophytes used in these systems have the capacity of channeling significant amounts of oxygen from the atmosphere through a specific tissues, the aerenchyma, into their roots, and thereby foster aerobic microbial activities in the rhizosphere (9) .
In order to enhance the performance of constructed wetlands through engineering optimizations of the systems, it is deemed necessary to understand the functionality of the relevant microbial community present in the rhizosphere, and some efforts have been pursued in this direction (7, 10) . However, due to the presence of steep chemical gradients and variable environmental conditions, it has been difficult to dissect many of the microbial processes occurring in constructed wetlands. To overcome the difficulties in studying such complex systems, a laboratory-scale rhizosphere reactor was designed and tested (11) . Within these planted fixed-bed reactors (PFRs) a macro-gradient-free flow is generated and an efficient turnover of organic carbon occurs.
PFRs have been used successfully to study the effect of different redox cycles on the contaminant removal from waste-and groundwater (12, 13) .
In our laboratory, two PFRs were operated for 2 years using toluene as the sole external carbon and electron source. Among the BTEX compounds (benzene, toluene, ethylbenzene, and the three isomers of xylene), the biodegradation of toluene has been most extensively studied and several bacterial strains able to degrade toluene aerobically or anaerobically are known (14-16) (see Fig. S1 in the supplemental material). In the three main aerobic pathways, toluene is activated through monooxygenation either of the methyl group (side-chain monooxygenases, pathway 1 in Fig. S1 in the supplemental material) or the phenyl ring (soluble diiron monooxygenases, pathways 2, 3, and 4) or by dioxygenation of the phenyl ring (Rieske non-heme iron oxygenases, pathway 5) (17) . Most of the aerobic pathways, except for the toluene 4-monooxygenase pathway of Pseudomonas mendocina KR1 (pathway 4), converge in catecholic intermediates which are subsequently cleaved by extradiol dioxygenases (typically type I or vicinal oxygen chelate superfamily of extradiol dioxygenases enzymes) (15, 18) . Anaerobically, the degradation of toluene is initiated by the addition of fumarate to the methyl group to form benzylsuccinate (pathway 6), which is further metabolized to benzoyl-coenzyme A (benzoyl-CoA) as the central intermediate in the anaerobic degradation of many aromatic compounds (16) .
Our aim here was to identify the dominant toluene biodegradation pathway in the PFR model wetland systems. To this purpose, the genetic potential for microbial toluene transformation was assessed by deciphering the microbial diversity via next generation sequencing and the catabolic gene landscape using a recently developed microarray (19) , substantiated by quantitative PCR (qPCR) analysis of selected genes. These results on catabolic potentialities were combined with 13 C and 2 H stable isotope fractionation analysis to characterize the system regarding the predominant toluene degradation pathway (20) . The combination of molecular biology and stable isotope analysis allowed identifying for the first time the microbial toluene degradation mechanisms in these complex wetland-like systems.
MATERIALS AND METHODS
PFR setups. The test systems have been previously described in detail (11) , and a picture of a planted-reactor is shown in Fig. S2 in the supplemental material. Briefly, two PFRs (PFR-1 and -2) consisting of a cylindrical glass vessel (diameter, 30 cm; height, 30 cm) and containing a metal basket (diameter, 26 cm; height, 28 cm) filled with ϳ20 kg of gravel were operated for a 2-year period. The reactors were planted with soft rush, Juncus effusus, and closed with a Teflon lid with five openings for the rush. The plants were replaced in spring of each year, but the gravel matrix was kept intact as much as possible to lessen the impact on the established microbial communities in the reactors. The handling, feeding regime, and running conditions were identical for both reactors. Before starting with toluene addition, an acclimation period of 1 month for the new plants was necessary. During this time, acetate (102.4 mg/liter) and/or benzoate (53.5 mg/liter) were used as additional carbon source to sustain the microbial community. Each reactor was constantly fed with distilled water supplemented with toluene (10 to 50 mg/liter) as an external carbon source and 1 ml/liter of a trace element solution (0. 15 .29 mg/liter) were constantly injected into the outer inflow ring of the reactor using a syringe pump (model KDS 200; KD Scientific, Inc.). The reactors possess a pore volume of ϳ10 liters, and the hydraulic retention time was 5 days. Together with the constant inflow feeding, an internal circulation flow was used for the mixing of the liquid inside the reactor, thus generating macrogradient-free conditions in the fixed bed. The level of liquid inside the reactors and therefore the outflow were controlled by a level control system that was comprised of a bottom pressure sensor, which controls the outlet valve in the internal circulation flow. Redox potential (Pt-metal redox potential electrode, 2ME-2G-PtK-1; Jumo), pH (pH-electrode, 2G E-2-G-U-1; Jumo), and dissolved oxygen concentration (membrane electrode, SIPAN 34, 7MA3100-8EF; Siemens) were constantly measured in the circulation flow and automatically recorded. The reactors were operated in a greenhouse under defined environmental conditions to simulate an average summer day in a moderate climate. The temperature set points were 22°C from 6 a.m. to 9 p.m. and 16°C at night. The light intensity was continuously monitored on the roof of the greenhouse by means of a phototransistor (Adolf Thies GmbH). Whenever the light intensity fell below 60 kLux, one lamp (Master SON-PIA 400 W; Phillips) per reactor was switched on during daytime as an additional light source.
Toluene measurements in liquid phase. Inflow and circulation flow water samples were taken twice per week. Toluene concentration was measured using a gas chromatograph with a flame ionization detector (GC-FID) (Agilent HP6890) equipped with a 30 m by 0.45 mm by 2.55-m film thickness Agilent DB-MTBE column. The temperature program was as follows: 70°C for 2 min, followed by heating by 30°C min Ϫ1 until reaching 260°C and then holding for 2 min. The FID detection temperature was 280°C, and helium was used as the carrier gas (5.8 ml/min). The injection was via an automated headspace autosampler (DANI HSS 86.50) after equilibration of the samples for 10 min at 50°C. Water samples of 5 ml were collected in 20-ml glass vials (Supelco) containing 5 ml of sodium azide solution (final concentration, 0.65 g/liter) to inhibit microbial activity. Vials were closed with a Teflon-coated butyl rubber septum. The samples were stored at Ϫ20°C until measurement.
DNA extraction. Pore water samples were collected from five different points inside each PFR (180 ml in total) with a syringe. A 200-mm-long metal needle (2 mm in diameter; Glasgerätebau Ochs) was used to reach the rhizospheric area. In order to detach biofilms settled on the gravel or roots, water was flushed up and down the syringe several times before taking the respective sample. The five samples were filtered together to collect the biomass using polyethersulfone filters with a pore size of 0.2 m (Pall Corp.). The filters were cut into small pieces and distributed to 2-ml bead solution tubes from an UltraClean soil DNA isolation kit (MO BIO Laboratories, Inc.). The alternative protocol for maximum yields recommended by the manufacturer was followed for DNA extraction.
Illumina sequencing and diversity analysis. The bacterial community structure of the PFRs was analyzed by Illumina sequencing in June of 2011. The amplicon library preparation and the bioinformatics analysis was essentially performed as described before (21) , with the differences that in the present study, the variable regions V5-V6 of the bacterial 16S rRNA gene were amplified using the primers 807F and 1050R (22) , and both the forward and reverse sequence reads (85 bp each) were processed. The PCR products were purified and reamplified to add barcodes and adapters for Illumina sequencing (21) . Totals of 141,084 and 36,201 reads were obtained for PFR-1 and PFR-2, respectively. To trim the 3= ends of the reads that fell below a quality score of 15, a quality filter that runs a sliding window of 10% of the read length at a time and calculates the local average score based on the Phred quality score of the fastq file was used (http://wiki.bioinformatics.ucdavis.edu/index.php/Trim.pl). All reads with nucleotide ambiguity, mismatches with primers or barcodes, or homopolymer stretches of Ͼ10 nucleotides (nt) were discarded using mothur (23) , leaving a total of 106,966 reads. These remaining reads were pairwise combined, leaving a gap in the middle, and clustered, allowing for two mismatches, using the mothur programs unique.seqs and pre-.cluster. Phylogenetic analysis was carried out using the Ribosomal Data Project (http://rdp.cme.msu.edu/seqmatch/seqmatch_intro.jsp). All mitochondria sequences and sequences that did not appear to be of 16S rRNA gene origin were deleted. Since there is no program available to identify chimeras in short sequence reads with high quality, chimera analysis was performed manually. Phylotypes where the reverse read and the forward read were previously observed in different abundant phylotypes were considered putative chimers. Only low-abundance phylotypes were considered chimers, and a phylotype was discarded if its abundance was Ͻ2% of the apparent "parent" phylotypes of the two reads. The data set of 106,966 sequences was then filtered to consider only phylotypes that ap-peared in at least one of the bioreactors at Ͼ0.02% abundance (a total of 90,661 sequences: PFR-1, 71,306; PFR-2, 19,355). Normalization to obtain the same number of reads per sample (19, 355) and rarefaction analyses were performed using R (24) .
DNA microarray for catabolic transformation of aromatic compounds. To investigate the catabolic potential of the microbial community in the planted reactors, a catabolome microarray designed and tested previously was used (19) . Three technical replicates of each sample were analyzed using the microarray. Briefly, DNA amplification was performed with 100 ng of template DNA using a REPLI-g Ultrafast kit (Qiagen), and amplified DNA was purified, suspended in 100 l of Milli-Q water, and heat fragmented at 95°C for up to 1.5 h. After precipitation, DNA was suspended in 45 l of Milli-Q water and labeled using terminal transferase (Roche) and Cy5-dUTP (GE Healthcare). Labeled DNA fragments were precipitated and suspended in 20 l of Milli-Q water, and 80 l of hybridization buffer was added. For hybridization, slides (CodeLink activated slides; SurModics, Eden Praine, MN) were inserted into the hybridization chamber (Slide-Booster SB401/800; Advalytics/Beckman Coulter Biomedical GmbH, Munich, Germany) and covered by coverslips (Implen GmbH, Munich, Germany). Labeled DNA was hybridized at 55°C over 18 h, using hybridization buffer comprising 15% (vol/vol) dimethyl sulfoxide, 25% (vol/vol) formamide, 1.25ϫ SSC (190 mM sodium chloride plus 20 mM trisodium citrate), 0.15% sodium dodecyl sulfate (SDS), 0.15% Tween20, 880 mM Betaine, 5ϫ TE buffer (50 mM Tris-HCl, 5 mM EDTA), and 0.1 mg of bovine serum albumin (BSA)/ml in aqueous solution, corresponding to a final concentration of 1ϫ SSC. The slides were subsequently washed in 1ϫ SSC-0.3% SDS (5 min, 42°C), twice in 1ϫ SSC (1 min each, 20°C), once in 0.5ϫ SSC (1 min, 20°C) and 0.1ϫ SSC-0.3% SDS (1 min, 42°C), and twice in 0.1ϫ SSC (1 min, 20°C). Slides were dried by centrifugation (ArrayIt microarray high-speed centrifuge; Arrayit Corp., Sunnyvale, CA) and scanned using a high-resolution microarray scanner (Agilent Technologies, Life Sciences and Chemical Analysis Group, Santa Clara, CA). After scanning, spots corresponding to the internal controls 50-mer A to D were used to generate a standard curve, and spots with an intensity higher than 50-mer A were further analyzed (19) .
PCR detection and sequencing of catabolic genes in toluene-degrading isolates and qPCR. Nine aerobic toluene-degrading bacterial strains were isolated from PFR-1 and -2. Briefly, pore water samples taken in December 2011 were serially diluted, plated on M9 mineral medium agar, and placed in hermetically closed jars with toluene vapor as the sole carbon source. Subsequently, colonies with different phenotypes were transferred to toluene-amended mineral broth, and the purity of the toluenedegrading isolates was tested on several rich media (LB, R2A, and CM149). The 16S rRNA gene of each strain was amplified by PCR using universal primers (25) , the purified PCR products were sequenced, and the sequences were phylogenetically assigned using the BLASTn tool (http://www.ncbi.nlm.nih.gov/BLAST/). The axenic cultures were examined for the presence of catabolic genes involved in toluene degradation using several previously described degenerate primers (26) (27) (28) (29) and the newly designed primers PHE-F (5=-GAYCCBTTYCGYHTRACCAT GGA) and PHE-R (5=-GGCARCATGTARTCCWKCATCAT) for amplifying a 700-bp gene fragment of the ␣-subunit of phenol-methylphenol monooxygenases of the soluble diiron monooxygenases (19, 30) . The PHE-F and PHE-R primers were used at a final concentration of 0.5 M according to the following PCR program: 95°C for 15 min; 35 cycles of 95°C for 45 s, 52°C for 45 s, and 72°C for 1 min; and a final elongation at 72°C for 8 min. Three isolates (AET-5-01, AET-5-VIII, and AET-6-14) representing three different aerobic toluene degradation pathways were chosen as reference strains, and the corresponding catabolic genes were sequenced (see Table S1 in the supplemental material). The closest homologs of the sequences were identified using the blastx program via the NCBI website.
New primer sets suitable for qPCR were designed using Beacon Designer program (Premier Biosoft) targeting the genes for xylene monooxygenase (xylM-AET01-F/-R), toluene dioxygenase (TOD-AET18-F/-R), catechol-2,3-dioxygenase (EXDO-AET18-F/-R and EXDO-AET14-F/-R), toluene monooxygenase (TMO-AET14-F/-R), and phenol hydroxylase (PHE-AET14-F/-R) (see Table S2 in the supplemental material). For quantification of the total number of bacteria, universal eubacterial primer sets previously described by Nadkarni et al. (25) were used. SYBR green was used as a fluorescent dye (SensiMix SYBR Low-ROX kit; Bioline); a PCR mix consisted of 1ϫ of SensiMix SYBR Low-ROX kit, forward and reverse primer, 1% BSA, 300 nM ROX, 1 l of template, and DNase-free water to complete a reaction volume of 12.5 l. Thermal cycling conditions for the selected primers were as follows: an initial cycle of 95°C for 10 min; 40 cycles of 95°C for 15 s, an annealing step for 20 s (acquisition data step), and an elongation step at 72°C for 20 s; 1 cycle at 95°C for 15 s and 60°C for 1 min; and 80 cycles from 60°C for 15 s at ϩ0.3°C cycle Ϫ1 (melting curve). A standard curve was prepared using purified and quantified PCR products of the corresponding catabolic genes of reference strains Pseudomonas putida mt-2 (xylM and 16S rRNA gene), Pseudomonas putida F1 (todC1), isolate AET-6-14 (tmoA), and Ralstonia eutropha JM134 (phe). The copy number per microliter of the purified PCR product was calculated according to the following equation: (6.022 ϫ 10 23 molecules/mol ϫ PCR product concentration [g/l])/ (number of base pairs ϫ 660 Da). A freshly prepared 10-fold dilution series of the PCR product, covering from 10 8 to 10 1 copies l Ϫ1 , was used as calibration curve for each run. Triplicates of each sample were loaded in each run, and the standard deviation was calculated. Six blanks containing only the master mix were also used per array. The formation of primer dimers and/or unspecific PCR products was monitored using a melting curve analysis.
13 C and 2 H isotope fractionation. At the end of second year of operation (September 2012), a pulse experiment was performed to measure the 13 C and 2 H isotope fractionation in the PFRs. For the isotope fractionation experiment, 330 mg of toluene dissolved in 1 liter of water was injected directly into the gravel beds of the systems, in addition to the constant inflow feed of 40 mg/liter in order to reach an initial concentration in the reactor of ϳ30 mg/liter. The subsequent decrease in toluene concentration in the PFRs was measured by taking duplicate pore water samples (5 ml of each) three times during each day and night from two different sampling points in the reactors. After 31 h, additional toluene (330 mg of in 1 liter of water) was injected into the reactors, and again a continuous decrease in the toluene concentration was observed. The samples for the isotope analysis (13 ml of pore water) were pipetted into 15-ml screw-cap vials to which subsequently 0.5 ml of HCl (37%) and 1 ml of cool pentane were added for toluene extraction. The vials were stored inverted at 4°C until measurement. The carbon and hydrogen isotope signatures of toluene were analyzed by gas chromatography-isotope ratio mass spectroscopy as described elsewhere (20) . The samples were analyzed in triplicates. Carbon and hydrogen isotope signatures are given in ␦-notation (‰) relative to the Vienna Pee Dee Belemnite standard (VPDB) and Vienna standard mean ocean water (VSMOW), respectively, according to the following equation:
, where R sample and R standard are the 13 C/ 12 C and 2 H/ 1 H ratios of each sample and an international standard, respectively. Calculations of isotopic enrichment factors (ε), which describe the relationship between changes in isotope composition and the concentrations during the course of the experiment, were determined from the natural logarithm of the simplified Rayleigh equation for closed systems: (R t /R 0 ) ϭ (C t /C 0 ) ε/1,000 . The errors of the enrichment factors are given as 95% confidence interval and determined using a linear regression analysis (31) .
Toluene volatilization measurements during isotope fractionation experiment. During the 13 C and 2 H isotope fractionation experiment, gaseous emissions of toluene from the PFRs were determined. A cylindrical flowthrough test chamber made of ethylene tetrafluoroethylene foil (internal diameter, 34 cm; height, 85 cm) was placed upon the plants in the reactors, leaving an air entrance at the bottom of ϳ5 cm. Air with a flow rate of about 110 liters/min was pumped through the flow chamber to collect all gaseous emission from the plants. To determine background toluene concentrations, the ambient air was sampled next to the air entrance of the test chamber. At the upper funnel-shaped end of the chamber, a subsample of the airflow through the chamber was collected on Tenax TA test tubes using a gas sampling device with a flow rate of 60 ml/min. Samples were collected every 8 h during the 3-day experiment on Tenax TA (150 mg) filled into glass tubes (SKC, 110 by 8 mm; Eighty Four PA). Two tubes were installed in series to avoid potential pass-through of substances. Samples were analyzed using a Thermo-desorption gas chromatography-mass spectrometry system (EM 640/S; Bruker) equipped with a DB1 column (30 m by 0.25 mm [inner diameter] by 1-m film). The desorption step was carried out at 250°C (180 s), and the following temperature program was applied for gas chromatography analysis: 40°C (3 min) and 15°C min Ϫ1 to 250°C (1 min). Injection was splitless (120 s) with an inlet temperature of 260°C and helium as the carrier gas. To calculate the losses due to volatilization from the PFRs, the total free mass of toluene in the pore water was calculated by integration of the concentration during the measuring period of 8 h by using equations 1 and 2. The peak-like toluene concentration after the first toluene injection in both reactors (t ϭ 0) was used to estimate the rate constants, whereas the second injection peak was used to validate the constants:
The total mass of toluene present in the pore water sample during an 8-h period corresponded to the hundred percentage of toluene available for evaporation. The percentage of evaporated toluene can be calculated as follows: (mass of toluene evaporated in mg ϫ 100)/(free mass of toluene in pore water in mg).
Nucleotide accession numbers. The nucleotide sequences of the Illumina analysis were deposited in the European Nucleotide Archive under accession numbers LN852401 to LN852658. The 16S rRNA gene sequences and the corresponding catabolic gene sequences from the toluene-degrading isolates have been deposited in the GenBank database under accession numbers KR902601 to KR902609 and KT021789 to KT021794, respectively.
RESULTS
Toluene degradation in PFRs. Over 2 years of operation (2011 and 2012) the toluene concentration of the inflow and circulation flow of PFR-1 and -2 was monitored weekly during the months of higher photosynthetic plant activity (approximately May to August). Toluene removal was equally efficient in both reactors, and independent of the toluene concentration in the inflow (Fig. 1) . Only residual amounts of toluene were detected in the circulation flow of the PFRs after each increment of the inflow concentration. During the first year, these peaks of toluene reached at maximum 18% (4.3 mg/liter) and were typically below 3% of the inflow concentration (Fig. 1A) . Likewise, in the subsequent year of operation toluene concentrations in the circulation flows were predominantly low and only reached ca. 8 and 36% of that of the inflow for a few days when the inflow concentration was increased up to 50 mg/liter (Fig. 1B) .
The respective bulk aqueous phase of the PFRs was largely hypoxic and even anoxic with measured molecular oxygen levels fluctuating between zero and about 1 mg/liter (see Fig. S3 in the supplemental material). Periods of anoxia were more pronounced during the first year (e.g., July 2011; see Fig. S3B in the supplemental material). During some time frames (e.g., 21 March 2012 to 18 June 2012 in Fig. S3C in the supplemental material) , the O 2 concentration oscillated concomitantly with the day/night rhythm, as described previously (9) . The redox potential, E h , reflected the measured oxygen condition (see Fig. S3 in the supplemental material). During the first year, the E h ranged mostly around ϩ300 mV, except during the period of prolonged anoxia, while in 2012 the redox potential was shifted to more positive values.
Biodiversity and potential transformation capabilities for aromatic compounds. In June of the first year of operation (2011), DNA was isolated from pore water samples of both reactors, and biodiversity and catabolic profiles were recorded from these systems. Illumina sequencing of the V5-V6 16S rRNA gene regions resulted in a total of 258 phylotypes identified (the total numbers of filtered sequences in PFR-1 and PFR-2 were 71,306 and 19,355, respectively). The phylotype sequences and their abundances (as a percentage), together with their corresponding classifications, are shown in Table S3 in the supplemental material. Rarefaction curves of all high-quality sequences showed a plateau, which demonstrates that the sequencing depth captured sufficiently the bacterial communities in the PFRs (see Fig. S4 in the supplemental material). The richness (S) values were 213 and 183 for PFR-1 and -2, respectively. Shannon diversity (H=) and Pielou's evenness (J=) values were very similar for both reactors (H=, 3.1 and 3.4, respectively; J=, 0.59 and 0.65, respectively). A total of 239 phylotypes corresponding to 97.5 and 99.5% of the total reads could be assigned to the phylum level. Of the 16 phyla detected, Proteobacteria was the most abundant, with relative abundances of 81.8 and 87.3% for PFR-1 and PFR-2, respectively ( Fig. 2A) . Far less represented were Bacteroidetes (2.5 and 4.8%) and Actinobacteria (3.7 and 1.2%) and with Ͻ3% relative abundance the phyla Acidobacteria, Firmicutes, and TM7, with minor distribution differences in both systems (Fig. 2A) . The majority of phylotypes (195 phylotypes accounting for 91.0 and 92.8% of reads, respectively) could be classified to the family level. Just two families accounted for more than 50% of the reads in both reactors, Comamonadaceae (Betaproteobacteria; 44.6 and 29.4%) and Xanthomonadaceae (Gammaproteobacteria; 18.8 and 31.7%) (Fig.  2B) . Next to the variant proportions of these two families, the reactors differed in the abundance of Rhodospirillaceae (Alphaproteobacteria; 5.9% in PFR-2 versus 0.7% in PFR-1), whereby almost all of those sequences affiliated with Magnetospirillum magnetotacticum. The family Burkholderiaceae (Betaproteobacteria) was similarly distributed in both reactors, with relative abundances of 4.4 and 4.8% in PFR-1 and -2, respectively. The families Sphingobacteriaceae and Chitinophagaceae from the Sphingobacteria, Rhodocyclaceae (Betaproteobacteria), and Bradyrhizobiaceae (Alphaproteobacteria) were also part of the microbial community, but their relative abundances were ca. 3% or less, and their distributions varied strongly between both PFRs (Fig. 2B) .
In agreement with the biodiversity profiles, the DNA microarray-based query of the genomic potential for aromatic compound transformation showed mostly hybridization signals with probes that represent genes from Proteobacteria (for a description of the enzymes associated to the accession numbers used to describe the results see Table S4 in the supplemental material). Of the 1,595 probes represented in the microarray, 37 showed hybridization, but only a few of these were directly related to toluene degradation. Although the aerobic toluene degradation pathways detected by the arrays differed slightly between the reactors, both reactors shared a set of signals that indicate the presence of proteobacterial phenol hydroxylase encoding genes (i.e., AAL50373 and YP_001110001) (Fig. 3A) . Phenol hydroxylases belong to the superfamily of soluble diiron monooxygenases (30) and have a preference for phenol and methyl-substituted phenols as the sub-strates. However, some representatives of this group of enzymes may act also on toluene (32, 33) , and the presence of a phenol hydroxylase could enable bacterial strains to mineralize toluene or benzene via two successive ring monooxygenations (34) . In accordance with this pathway, probes representing genes encoding a subtype of catechol ring-cleavage extradiol dioxygenases (BAH90326 and AAS75778), typically encoded in an operon with phenol hydroxylase encoding genes, also showed hybridization (Fig. 3B) . Hybridization with probe AAB70825 (see Table S4 in the supplemental material) indicates the presence of xylene monooxygenase and thus toluene degradation via hydroxylation of the methyl group in PFR-1 only (see Fig. S5 and pathway 1 in Fig. S1 in the supplemental material) . BAD72667, BAD72738, and AAW81688 (Fig. 3B) , targeting the subfamily I.2.A (18) of extradiol dioxygenase also showed hybridization. Even though this subfamily comprises genes encoded in the same gene cluster as xylene monooxygenases (35) , respective genes were also observed in salicylate catabolic gene clusters (36) or phenol-degrading strains (37), and does not necessarily give an indication of the presence of the so called TOL pathway, but rather they confirm the presence of Gammaproteobacteria in PFR-1. Probes targeting benzene/toluene/isopropylbenzene/biphenyl Rieske non-heme iron oxygenases did not show hybridization, indicating that the dioxygenation pathway (pathway 5 in Fig. S1 in the supplemental material) is of minor importance, if any, in the PFRs. Three other probes targeting dioxygenases involved in the degradation of benzoate or substituted benzoates (NP_251202, YP_587013, and BAB21463) showed hybridization (Fig. 3A) ; however, the respective genes typically belong to the core genome of Proteobacteria, and therefore they are probably fortuitously enriched and not directly involved in toluene degradation.
The potential for the anaerobic degradation of toluene was present only in PFR-2, where probes for benzylsuccinate synthase (BAD42366) and benzoyl-CoA reductase (AAX84174) similar to those of Magnetospirillum sp. strain TS6, a toluene degrader under nitrate-reducing conditions (38) , showed hybridization (Fig. 3C) .
These results are in accordance with the microbial community structure data, where Magnetospirillum sequences were more abundant in PFR-2.
Some probes targeting intradiol dioxygenase also hybridized with the DNA of the planted reactors (data not shown). This is highly expected, as these belong to the core genome of various Proteobacteria, including Burkholderiales (39) and would only give indications of the presence of this phyla in the PFRs. Similarly, the significant number of probes representing the alkane monooxygenases indicated the enrichment of strains with the capacity of aliphatic hydrocarbons degradation (see Fig. S5 in the supplemental material), which are compounds normally found as part of plant-derived hydrocarbons (40) .
Detection of catabolic genes from aerobic isolates in PFRs. In order to quantify independently selected genes that were identified via microarray analysis, qPCR was used using primers targeting the catabolic genes detected in toluene-degrading bacteria isolated from the PFRs. A total of nine aerobic toluene-degrading strains were obtained from pore water samples of the planted reactors (see Table S1 in the supplemental material). From those isolates, Pseudomonas sp. strain AET-5-01, Pseudomonas sp. strain AET-5-VIII, and Ralstonia sp. strain AET-6-14 were selected as reference strains carrying the xylene monooxygenase (xylM), toluene dioxygenase (tod), and ring-hydroxylating (tmo and phe) genes, respectively (see Table S1 in the supplemental material). Primer sets suitable for qPCR analysis were designed to determine the abundance of the isolates' catabolic genes inside the PFRs over the 2-year period of operation at the different toluene feeding concentrations (Fig. 4) . Total eubacterial 16S rRNA gene copy numbers were quantified to have an estimation of the whole bacterial population as reference. According to the qPCR results, only the genes belonging to the ring-hydroxylating pathway as in the isolate AET-6-14 (tmo, phe, and exdo-aet-14; pathway 3 in Fig. S1 in the supplemental material) were present in significant amounts in both reactors, which is in accordance with the low abundance of Pseudomonas and with the significant presence of Burkholderiaceae in both reactors. During the operation period of the first year (2011) a gradual increase in total bacteria numbers and catabolic genes was observed concomitant with the increasing toluene concentrations, while in the second year (2012) gene copy numbers did not fluctuate greatly. The tmo gene was first detected in both reactors a month after the feeding with toluene started (at a 6-mg/ liter toluene feeding concentration), whereas the phe gene representing the phenol hydroxylase was detected already a couple of weeks after the feeding started (toluene feeding concentration of 2 mg/liter), at least in PFR-2 (Fig. 4B) . The exdo-aet-14 gene was detected 2 and 1 month after the feeding with toluene started in PFR-1 and PFR-2, respectively. The presence of these genes in different abundances indicated that they are present in different organisms. The abundance of the detected catabolic genes represents a small fraction of the community compared to the total number of bacteria. For example, tmo genes reached a maximum of 5 and 1.4% of representation in PFR-1 and -2, respectively. These percentages fit well with the relative abundances of Burkholderiaceae in both PFRs (4.4 and 4.8%, respectively), suggesting that members of that family are probably involved in the first step of toluene degradation. The phe genes were slightly higher represented in both reactors with a maximum of 14 and 4% in PFR-1 and -2, respectively. Although several members of Burkholderiaceae have been described to carry phenol hydroxylase genes, the abundance of phe genes exceeds the representation of this family in PFR-1. Those phenol hydroxylases genes probably belong to members of the Comamonadaceae family, which are highly abundant in both reactors and where some members have been described to carry those genes in their genomes (39) . The least represented gene was exdo-aet-14 with Ͻ1% in each reactor.
Stable isotope fractionation analysis: pulse experiment. In order to monitor whether the genetic potential for ring monooxygenation was translated into the respective in situ biochemical activity, toluene stable isotope fractionation analysis was carried out. This method relies on the shift in the compounds' stable isotope composition (e.g., 13 C/ 12 C or 2 H/ 1 H) during some enzymatically catalyzed reactions, leading to an enrichment of heavier isotopes in the residual fraction of the initial compound. The reaction-dependent compound-specific isotope enrichment factor, ε, for different toluene degradation mechanisms under aerobic and anaerobic conditions has been determined with model strains and may be used for discriminating between different biodegradation pathways in the environment (20, 41) . In our study, toluene was injected twice into the reactors, and samples were taken after each pulse, which are defined as periods 1 and 2 (Fig. 5A) . After each injection of toluene, the concentration decreased rapidly and continuously following first-order kinetics in both reactors. The emission rate of toluene fluctuated between 0.1 and 0.6 mg/h, and no specific trend was observed during day and night periods. Since evaporation processes were minimal, we used the simplified Rayleigh equation to quantify the isotope fractionation described for closed systems. Low, but significant enrichment in 13 C occurred during degradation of toluene during the first period in both systems, with ε C of Ϫ1.0‰ Ϯ 0.3‰ (R 2 ϭ 0.81) and Ϫ0.6‰ Ϯ 0.2‰ (R 2 ϭ 0.81) for PFR-1 and -2, respectively ( Fig.  5B and C) . During the second degradation period, an ε C corresponding to Ϫ0.4‰ Ϯ 0.1‰ (R 2 ϭ 0.82) was observed in PFR-1 (Fig. 5B ). In the case of PFR-2, during the period 2 of degradation a similar ε C to period 1 was observed corresponding to Ϫ0.7‰ Ϯ 0.4‰, but the correlation factor (R 2 ) between toluene concentrations and isotope signatures was lower (R 2 ϭ 0.75). No significant 2 H enrichment was measured except in PFR-1 during period 1, where an ε H of Ϫ13.6‰ Ϯ 3.7‰ was estimated (see Fig. S6 in the supplemental material). Comparing the obtained enrichment factors to those reported for toluene-degrading reference strains, it can be concluded that toluene degradation was not driven by anaerobic degradation or degradation via the TOL plasmid-encoded pathway initiating degradation by oxidation of the methyl substituent. These mechanisms would result in much higher ε C and ε H than that observed in PFR-1 and -2. Thus, the isotope fractionation data suggest that ring hydroxylation or dioxygenation, which cannot be differentiated solely based on isotope fractionation analysis, or a mixture of both pathways was driving the toluene degradation process. 
DISCUSSION
Efficient removal of organic contaminants was previously observed in pilot-scale constructed wetlands (6) (7) (8) . Likewise, high removal of toluene during a 2-year period was accomplished in the PFRs used in the present study. One of the particular characteristics of constructed wetlands and PFRs is that the plants grown in these systems may efficiently provide molecular oxygen to the rhizosphere in dependence of the day/night rhythm (9) . In the present study, diurnal changes in the oxygen concentration (hypoxic to anoxic) and redox potential were observed during some time periods as well.
The PFRs harbor a broad phylogenetic diversity that is numerically dominated by Proteobacteria, which represented more than 80% of the phyla in both reactors, followed by Bacteroidetes, Acidobacteria, and Actinobacteria, and thus is in accord with previously described constructed wetland systems (42) (43) (44) . Specifically, in the PFR systems, the families Comamonadaceae and Xanthomonadaceae comprised more than 50% of the population, fol- lowed by the Burkholderiaceae family. Members of the Xanthomonadaceae family are obligate aerobes, and some of them have been directly or indirectly related to petroleum hydrocarbon degradation (45, 46) . The family Comamonadaceae belonging to the order Burkholderiales harbor a remarkable phenotypic diversity, while members of the Burkholderiaceae family from the same order have been found in diverse ecological niches. A comprehensive review of aerobic aromatic compound degradation in the Burkholderiaceae and Comamonadaceae family, and in general the order Burkholderiales, is available (39) . Toluene degraders such as Comamonas testosteroni R5, Methylibium petroleiphilum, Ralstonia pickettii PKO1, and Burkholderia vietnamensis G4 are prominent members of these families (47) (48) (49) (50) . Bacteria belonging to the less represented families (Յ3%) Sphingobacteriaceae, Chitinophagaceae, Rhodocyclaceae, and Bradyrhizobiaceae have been detected in diverse environments, including soil, rhizosphere, and as endophytes (51) (52) (53) , and some of them have been also associated with aromatic compound degradation (54, 55) . Although the bacterial compositions of the two PFRs were globally similar, one remarkable difference was the higher representation (6%) of the family Rhodospirillaceae in PFR-2. The reads belonging to this family were mostly associated with the genus Magnetospirillum. Microbes from this genus can be frequently found at the oxic-anoxic conditions in freshwater sediments (56) , and isolates such as Magnetospirillum sp. strain TS-6 are able to degrade toluene under nitrate-reducing conditions but apparently not under aerobic conditions (38) .
The catabolic gene landscape present in the PFRs was investigated using a recently developed microarray which contains probes for key aromatic degradation families and key alkane degradation genes (19) . In agreement with the amplicon sequencing results, the majority of the hybridized probes represented proteobacterial catabolic genes. Within the soluble diiron monooxygenase superfamily, two probes representing phenol hydroxylases found in the Burkholderiaceae family showed hybridization with DNA derived from both PFRs. The phenol hydroxylase group is comprised of multicomponent enzymes able to hydroxylate phenol and methyl-substituted derivatives (17) but also by the toluene 2-monooxygenase of Burkholderia cepacea G4, which is able to hydroxylate toluene to 2-methylphenol and further to 3-methylcatechol (57) . This type of toluene degradation mechanism, twosuccessive monooxygenation of toluene, has also been proposed for the recently sequenced Alycycliphilus denitrificans (34) . The presence of a complete monooxygenation pathway for the degradation of toluene is also supported by the presence of genes encoding extradiol dioxygenases (catechol 2,3-dioxygenases; (BAH90326 and AAS75778), which commonly cluster together with phenol hydroxylase encoding genes in toluene-degrading strains (27) . Two other possible degradation pathways for toluene degradation were suggested by the microarray results, although each of them was found only in one of the reactors. In PFR-1, the microarray analysis provided evidence for the presence of genes related to those found in the TOL pathway from Pseudomonas species such as P. putida mt-2 (58-60). However, the presence of these genes, which are normally associated with the genus Pseudomonas, does not fit with the absence of the Pseudomonadaceae family in PFR-1. Meanwhile, probes representing benzylsuccinate synthase and benzoyl-CoA reductase, the enzymes for anaerobic toluene degradation similar to those of Magnetospirillum sp. strain TS-6, showed high hybridization signals only in PFR-2, a finding in agreement with the 6% relative abundance of the family Rhodospirillaceae (genus Magnetospirillum) shown by the Illumina data. Further investigations are ongoing in order to isolate this strain, to characterize it in detail, and to determine the role of Magnetospirillum in this system.
The quantification of catabolic genes from aerobic toluenedegrading isolates in DNA samples retrieved from the PFRs showed that genes from the monooxygenation pathway present in the isolate Ralstonia sp. strain AET-6-14 were the only ones detected in both PFRs (pathway 3 in Fig. S1 in the supplemental material). This isolate harbors catabolic genes closely related to those encoding toluene monooxygenase (tmo) from Ralstonia pickettii PKO1 and the phenol monooxygenase (phe) and catechol 2,3-dioxygenase (exdo-aet-14) from Ralstonia pickettii strain 12D. Initially, toluene monooxygenase of R. pickettii PKO1 was reported to hydroxylate toluene at the meta position, producing primarily 3-methylphenol (61). However, later studies have shown that this monooxygenase hydroxylates toluene predominantly at the para position producing 4-methylphenol (62) . The different temporal and absolute occurrences of the tmo, phe, and exdo-aet-14 genes indicate the presence of microbes with different gene inventories than AET-6-14. In addition, comparison of the relative abundance of these genes with the 16S rRNA gene sequencing results indicates that bacteria carrying phe genes are probably members of families Burkholderiaceae and Comamonadaceae. The concomitant increase in tmo, phe, and exdoaet-14 gene copy numbers over time with increasing toluene concentrations in the feeding of the reactors emphasizes how microbial communities present in constructed wetlands systems can adapt to and can specialize on degradation of organic pollutants, which makes these systems an effective remediation technique as previously shown (6, 8, 63) . Several strains carrying xylene monooxygenase-, toluene dioxygenase-, and toluene monooxygenase-encoding genes were isolated from the PFRs. However, most isolates especially from PFR-1 were members of the genus Pseudomonas, which were only in low relative abundance according to the Illumina data. Cultivation-dependent methods are known to poorly reflect microbial community diversity (64) . The isolates harboring the xylene monooxygenase and toluene dioxygenase pathway are evidently not dominant members of the toluene-degrading community.
In order to test whether the degradation pathways suggested by the microarray and qPCR analyses are indeed the active mechanism predominant in the PFRs, two-dimensional stable isotope analysis was used. This method has been successfully used to assess biodegradation of BTEX contaminants in groundwater (65) , as well as in constructed wetlands (6, 63) . The carbon and hydrogen isotopic profiles observed in PFR-1 during period 1 were very similar to those observed during toluene degradation by R. pickettii PKO1, which uses a monooxygenation mechanism as a first step of the toluene degradation pathway (20, 41) . During period 2, a low observed ε C would be associated with an aromatic ringdioxygenation mechanism, such as the one used by P. putida F1, according to previous studies using toluene-degrading model bacteria (41) . In addition, the absence of hydrogen fractionation during this period in PFR-1 correlates with the small ε C observed, which could be the result of dioxygenation as the degradation mechanism. In both types of mechanisms (toluene monooxygenation and dioxygenation), the first step of degradation involves the hydroxylation and dihydroxylation of the aromatic nucleus to form a cresol isomer and toluene cis-dihydrodiol, respectively (15) . These reactions are not linked to the cleavage of a C-H bond, and thus a small or no carbon and hydrogen isotopic fractionation would be expected (20) . The low carbon enrichment factors observed during isotope fractionation analysis suggests that ring hydroxylation, dioxygenation, or a mixture of these two pathways were present. However, genes related to the dioxygenation pathway were not detected in the PFRs.
The combined analyses of the genomic potential for aromatic compound degradation, biodiversity, and isotope fractionation allowed for the identification of the predominant active toluene degradation pathway in the PFRs, i.e., members of the betaproteobacterial community carry out sequential monooxygenation of the aromatic ring, followed by ring cleavage through an extradiol dioxygenase as previously described for R. pickettii PKO1. The monooxygenation pathway has been also proposed as the predominant mechanism for the degradation of benzene-contaminated groundwater in a bench-scale constructed wetland (63) . The dominant role of this pathway in the PFRs may be due to the high oxygen affinity of enzymes such as toluene monooxygenases compared to methyl-monooxygenases or toluene dioxygenases, which would allow the microorganisms harboring this type of enzymes to be adapted to grow on some aromatic compounds in this and other low oxygen environments (66, 67) . Likewise, the catechol 2,3-dioxygenases encoded in the catabolic operons, together with this type of monooxygenase, have also been reported to perform efficiently under low-oxygen conditions (68) . The appearance of genes encoding multicomponent monooxygenase and extradiol dioxygenases from the subfamily I.2.C type (18) has been detected in other hypoxic environments, indicating that these types of genes could have a relevant function in these type of systems, which has not been well studied or exploited yet (69, 70) .
The use of PFRs and the combination of molecular methods with stable isotope fractionation analysis have allowed us to describe the adapted microbial community and its catabolic gene potential and to obtain evidence on the removal pathway(s) of toluene degradation occurring in complex planted systems used for bioremediation. Our results are useful to take into account when engineering constructed wetland system for the remediation of aromatic pollutants.
